J 



19 



Europaisches Patentamt 
European Patent Office 
Office eur p6en d s brevets 




@ Publication number : 0 641 020 A2 



EUROPEAN PATENT APPLICATION 



(21) Application number : 94304938.7 
@ Date of filing : 05.07.94 



(si) Int. CI. 6 : H01L 21/66 



(So) Priority: 31.08.93 US 116232 

@ Date of publication of application : 
01.03.95 Bulletin 95/09 

@ Designated Contracting States : 
DE FR GB IT NL 



@ Applicant; APPLIED MATERIALS, INC. 
3050 Bowers Avenue 
Santa Clara California 95054-3299 (US) 



@ Inventor: Kinney, Patrick D. 
4060 - 115th Avenue NW 
Coon Rapids, MN 55433 (US) 
Inventor : Uritsky, Yuri S. 
625 Catamaran 3 
Foster City, CA 94404 (US) 
Inventor : Lee, Harry Q. 
2261 West Middlefield Road 
Mountain View, CA 94043-2744 (US) 

(74) Representative : Bayliss, Geoffrey Cyril t al 
BOULT, WADE & TENNANT 
27 Furnival Street 
London EC4A 1PQ (GB) 



(3) Multiple-scan method for wafer particle analysis. 



CM 



(57) A method for reducing targeting errors en- 
countered when trying to locate contaminant 
particles in a high-magnification imaging de- 
vice (16), based on estimates of the particle 
positions obtained from a scanning device (10). 
The method of the invention includes scanning 
a semiconductor wafer in a scanning device, 
then preferably moving the wafer to a different 
orientation, and scanning the wafer again, to 
obtain at least two sets of particle coordinates 
that may differ slightly because of uncertainties 
in the scanning process. The multiple sets of 
coordinates are averaged to reduce the target- 
ing errors, but only after transforming the coor- 
dinates to a common coordinate system. The 
transformation step includes computing trans- 
formation parameters for each possible pair of 
particles detected in at least two scans, averag- 
ing the results, and then transforming all of the 
particle coordinates to the common coordinate 
system. Optionally, the method may include 
discarding any transformation parameters that 
deviate too far from the average, and then 
computing the average transformation par- 
ameters again. 
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This invention relates generally to techniques for 
the identification and analysis of contaminant partic- 
les on semiconductor wafers and, more particularly, 
to techniques for locating particles more reliably when 
using a high-magnification imaging device, such as a 5 
scanning electron microscope. Semiconductor fabri- 
cation technology today deals with wafer sizes up to 
200 mm (millimeters) and feature geometries with di- 
mensions well below 1jim (micrometer). The pres- 
ence of a particle larger than about a tenth the width 10 
of a conductive line on a wafer can lead to failure of 
a semiconductor chip made from the wafer. There- 
fore, a critical task facing semiconductor process en- 
gineers is to identify and, as far as possible, to elim- 
inate sources of surface contamination. 15 

A well known approach to identification and ana- 
lysis of contaminant particles involves the use of a 
scanning electron microscope (SEM) to locate partic- 
les on an unpatterned semiconductor wafer, referred 
to as a mirror wafer. Scanning X-ray spectroscopy or 20 
optical microscopy systems may also be used for this 
purpose. Because critical particles sizes may be as 
small as 0.1 - 0.2 urn, the SEM must use a magnifi- 
cation of approximately 2000x to allow the smallest 
critical particles to be seen by the human eye, which 25 
has a resolution limitation of approximately 0.2 mm. 
At this high level of magnification, it is extremely dif- 
ficult to find a particle on the wafer unless its position 
is known quite accurately before the SEM or similar 
syst m is used. 30 

Because the SEM must be operated only at high 
levels of magnification, it is not a useful instrument to 
obtain an overview of particles on an entire wafer. 
Other devices have been developed for this purpose 
and a two-stage process for locating and analyzing 35 
particles is normally employed. In the first stage, the 
wafer is raster-scanned with a laser beam to locate 
practically all of the particles on the wafer or in an 
area of interest on the wafer. The manner in which the 
laser beam is scattered from the particles yields sig- 40 
nals from which the approximate sizes and locations 
of the particles can be deduced, for output to a com- 
puter display screen. However, because the scatter- 
ing mechanism is not completely understood, the sig- 
nals are of little help in identifying the type, chemical 45 
composition, and possible source of contaminant par- 
ticles. This information can only be obtained with the 
help of a high-magnification imaging device, such as 
an SEM, 

As already mentioned, locating a particle using 50 
an SEM can be extremely difficult or impossibl un- 
less the position of the particle is first known to some 
degree of accuracy. Specifically, at a magnification of 
2000x a 0.1 urn particle must be "targeted" to an ac- 
curacy of about 40miti in order to b located on the 55 
SEM viewing screen. Basically, the laser scanning 
technique provides estimated particle positions, in 
terms of x and y coordinates. To locate a particle of 



interest with the SEM, the estimated coordinates for 
that particle are fed into the SEM, which, at high mag : 
nif ication, provides a view of only a very small part of 
the wafer. The targeting error is the distance between 
the estimated position of the particle and its actual 
position when viewed on the SEM viewing screen. If 
the targeting error is greater than about 40nm, the 
particle will not even appear on the viewing screen 
and an extended search of the viewing screen may be 
required. In some cases, the particle may never be lo- 
cated in the SEM. 

A critical aspect of this two-stage particle analy- 
sis method is that the coordinate system used in the 
laser scanning device must be transformed to the co- 
ordinate system used in the SEM or other similar de- 
vice. In most systems, the wafer has to be physically 
moved from one device to the other and, in any event, 
the coordinate systems used in the laser scanning de- 
vice and the SEM will be totally different. When a wa-= 
fer is first placed in the SEM, the wafer edges and a 
reference feature (a notch or a flat segment in the 
edge) are detected by the SEM and used to provide 
a first approximation for transformation of the coor- 
dinates from the scanning device to the SEM. An im- 
proved transformation is then obtained by identifying, 
in both devices, two reference particles that are rela- 
tively recognizable, because of their size and con- 
trast. Given the coordinates of these two reference 
particles, as measured in the coordinate systems of 
both devices, a simple and well known coordinate 
transformation can be used to transform the other 
particle locations from one coordinate system to the 
other. Each particle may then be more easily located 
in the SEM and further analyzed to determine its 
characteristics and possible source. 

The two-stage particle location and analysis 
technique briefly described above has been used with 
some measure of success, but still has at least one 
significant disadvantage. It has been found that the 
accuracy with which the particles can be located de- 
pends in part on the positions of the particles selected 
as reference particles. Specifically, the targeting er- 
ror may vary between SOuin and 300u.m, depending 
on particle position on the wafer. As a result of this, 
nearly one-third of the particles- may not be found us- 
ing the SEM. 

The cross-referenced application describes and 
claims several related techniques for improving the 
targeting accuracy in th two-stage process. One of 
th se techniques involves subjecting the wafer to one 
or more additional scans during the first stage of proc- 
essing, in th laser scanning devic . At the time the 
cross-referenced application was filed, this double- 
scan method was not fully understood. Some scan- 
ning devices incorporate automatic averaging of par- 
ticle coordinate data from two consecutive scans, but 
the averaged data do not provide improvement over 
a single scan. An improved multiple-scan method has 
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(S) Multiple-scan method for wafer particle analysis. 

(57) A method for reducing targeting errors en- 
countered when trying to locate contaminant 
particles in a high-magnification imaging de- 
vice (16), based on estimates of the particle 
positions obtained from a scanning device (10). 
The method of the invention includes scanning 
a semiconductor wafer in a scanning device, 
then preferably moving the wafer to a different 
orientation, and scanning the wafer again, to 
obtain at least two sets of particle coordinates 
that may differ slightly because of uncertainties 
in the scanning process. The multiple sets of 
coordinates are averaged to reduce the target- 
ing errors, but only after transforming the coor- 
dinates to a common coordinate system. The 
transformation step includes computing trans- 
formation parameters for each possible pair of 
particles detected in at least two scans, averag- 
ing the results, and then transforming all of the 
particle coordinates to the common coordinate 
system. Optionally, the method may include 
discarding any transformation parameters that 
deviate too far from the average, and then 
computing the average transformation par- 
ameters again. 
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depart from the average coordinat transforma- 
tion by more than a preselected threshold; and 

computing improved average coordinate 
transformation parameters with the identified 
data groups removed, for use in the step of trans- 5 
forming the coordinate data. 

6. A method as defined in claim 4 or claim 5, where- 
in: 

the step of identifying matching particles 10 
from the first and second scans includes identi- 
fying particles whose coordinates from the two 
scans differ by no more than a selected threshold 
distance and whose areas differ by no more than 
a selected threshold area. 15 

7. A method as defined in any of claims 1 to 6, and 
further comprising the steps of: 

(e) selecting at least two reference particles 

that are relatively recognizable because of 20 
their size and contrast; 

(f) obtaining estimated coordinates of the ref- 
erence particles from the scanning device; 

(g) moving the semiconductor wafer to a high- 
magnification imaging device and performing 25 
an approximate coordinate transformation for 

the reference particles; 

(h) finding the reference particles in the imag- 
ing device and obtaining their corresponding 
coordinates in the imaging device; 30 

(i) calculating the parameters for a more accu- 
rate coordinate transformation between the 
coordinate systems of the scanning device 
and the imaging device, based on multiple 
unique pairs of the reference particles and 35 
their estimated coordinates and actual coor- 
dinates; and 

(j) transforming the coordinates of other par- 
ticles on the wafer from values obtained from 
the scanning device to estimated values in the 40 
coordinate system of the imaging device, to 
facilitate location and further analysis of the 
particles in the imaging device. 

8. A method for reducing errors in locating particles 45 
on a semiconductor wafer, the method compris- 
ing the steps of: 

(a) scanning a semiconductor wafer in a scan- 
ning device to produce a first set of data co- 
ordinate values pertaining to the positions and so 
sizes of contaminant particles on the wafer; 

(b) scanning the wafer a second time, to pro- 
duce a second set of data coordinate values 
pertaining to the particles on the wafer, 
whereby the two sets of coordinate data val- 55 
ues will not, in general, be identical because 

nf riiffArftncfts that arise from scannina the 



(c) identifying matching particles from the 
f irs! and second scans; 

(d) computing a coordinate transformation 
data group (dx h dy if 0|) for a plurality of pairs 
of matching particles identified from each 
scan; 

(e) computing average coordinate transfor- 
mation parameters (dx avg , dy avgi 0 avg ) from the 
data groups (dx it dy tt 0 ( ) computed in step (d); 

(f) transforming coordinate data for each par- 
ticle in one of the scans to the coordinate sys- 
tem of the other scan, using the average co- 
ordinate transformation parameters (dx avg , 
dyav 0 . 0av fl ); and 

(g) averaging corresponding coordinate data 
values from the transformed set and the other 
set, to obtain a more accurate estimate of the 
positions of the particles on the wafer. 

9. A method as defined in claim 8, and further com- 
prising the step of: 

. moving the wafer to a different orientation 
in the scanning device between scanning steps 
(a) and (b). 

10. A method as defined in claim 8 or claim 9, and 
further comprising the following steps performed 
prior to the transforming step (f): 

identifying and removing data groups that 
depart from the average coordinate transforma- 
tion by more than a preselected threshold; and 

computing improved average coordinate 
transformation parameters(dx' 8Vgt dy avgt 9 avg ) 
from the data groups (dxt, dy„ 0,) with the identi- 
fied data groups removed; 

wherein the averaging step (g) is per- 
formed using the improved coordinate transfor- 
mation parameters (dx' avgi d/ avg , 9' avg ). 

11. A method as defined in any of claims 8 to 10; 
wherein: 

the step of identifying matching particles 
from the first and second scans includes identi- 
fying particles whose coordinates from the two 
scans differ by no more than a selected threshold 
distance and whose areas differ by no more than 
a selected threshold area. 
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averages the data taken from at least two scans of the 
wafer, preferably in different orientations, by first 
transforming the data obtained from ail but one of the 
scans to be consistent with the coordinate system of 
the other scan; then identifying matching particles in 5 
the two scans and averaging the coordinate data for 
the two scans. As in the two-stage process described 
in the cross-referenced patent application, the results 
of the laser scanning stage of the process are used 
to compute a more accurate coordinate transforma- 10 
tion between the laser scanning device and the imag- 
ing device. Then the particle coordinates are trans- 
formed to the coordinate system of the imaging de- 
vice, to facilitate location and further analysis of the 
particles in the imaging device. 15 

The coordinate transformations performed in the 
multiple scan method and in transforming to the co- 
ordinate system of the imaging device, may be com- 
pletely defined by an offset value and a rotation an- 
gle. That is to say, the transformation from one coor- 20 
dinate system to another can be considered to include 
a linear movement of the x and y axes so that the new 
origin assumes a position displaced from the old ori- 
gin, together with a rotation of the axes about the ori- 
gin to a new angular orientation. Such coordinate 25 
transformations are extremely well known, and the 
simple equations for performing them may be found 
in almost any basic text on linear algebra, coordinate 
geometry, or related subject matter. For example, the 
transformations are completely defined in a text by 30 
J hn J. Craig entitled "Introduction to Robotics: 
Mechanics and Control, 11 2nd edition, published by 
Addison-Wesley Publishing Company, Inc. (1989), 
and specifically on pages 25-30. The transformation 
equations may also be found in "Elementary Linear 35 
Alg bra," by Howard Anton, pp. 229-30, published by 
Anton Textbooks, Inc. (1987). 

It will be appreciated from the foregoing that the 
present invention represents a significant advance in 
the field of detection and analysis of contaminant par- 40 
tides in a semiconductor processing environment In 
particular, targeting errors are dramatically reduced 
by using the multiple scan technique of the invention, 
especially in combination with the techniques dis- 
closed and claimed in the cross-referenced applica- 45 
tion. 

It will also be appreciated that, although an em- 
bodiment of the invention has been described in detail 
for purposes of illustration, various modifications 
may be made without departing from the spirit and so 
scope of the invention. Therefor , the invention is not 
to be limit d except as by the appended claims. 

Claims 55 

1. A method for reducing errors in locating particles 
on a semiconductor wafer, the method compris- 



ing the steps of: 

(a) scanning a semiconductor wafer in a scan- 
ning device to produce a first set of coordinate 
data values pertaining to the positions and si* 
zes of contaminant particles on the wafer; 

(b) scanning the wafer a second time, to pro- 
duce a second set of coordinate data values 
pertaining to the particles on the wafer; 

(c) transforming at least one of the first and 
second sets of coordinate data values, to pro- 
duce two consistent sets of coordinate data 
values based on a common coordinate sys- 
tem, whereby the first and second sets of co- 
ordinate data values will not, in general, be 
identical because of physical uncertainties 
associated with the scanning steps; and 

(d) averaging coordinate data values, from 
the two consistent sets, pertaining to identical 
particles, to obtain a more accurate estimate 
of the positions of the particles on the wafer. 

2. A method as defined in claim 1 , and further com- 
prising the steps of: 

scanning the wafer at least one additional 
time, to produce a third set of data coordinate val- 
ues; 

transforming the third set of data coordin- 
ate values to the common coordinate system; and 

averaging the third set of transformed data 
coordinate values with the two consistent sets, to 
obtain an even more accurate estimate of the 
positions of the particles on the wafer. 

3. A method as defined in claim 1 or claim 2, and 
further comprising the step of: 

moving the wafer to a different orientation 
in the scanning device, between the two scan* 
ning steps (a) and (b). 

4. A method as defined in any of claims 1 to 3, 
wherein the step of transforming (c) includes: 

identifying matching particles from the 
first and second scans; 

computing a coordinate transformation 
data group for a plurality of pairs of matching par- 
ticles identified from each scan; 

computing average coordinate transfor- 
mation parameters from the data groups comput- 
ed in the prior step; and 

transforming coordinate data for each par- 
ticle in one of th scans to the coordinate system 
of the other scan, using the average coordinate 
transformation parameters. 

5. A method as defined in claim 4, and further com- 
prising the following steps performed prior to 
transforming the coordinate data: 

identif vino and removino data orouDs that 
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the transformation of a second pair of matching par- 
ticles is expressed as (dx 2 , dy 2 , 9J. In general the 
transformation (dx ( , dy lf 9i) is computed for every pos- 
sible pair of matching particles, except that no trans- 
formation is computed unless the particles in a pair 
are more than a selected distance apart (e.g. 30 mm) 
in both x and y directions. This condition eliminates 
uncertainties in the transformation due to particles 
being too close together. 

There are a number of specific methods that 
could be used to compute the transformation parame- 
ters (dx j( dy(, e f ) from the two sets of measurements 
of a pair of particles. For purposes of explanation, the 
method illustrated by FIGS. 8 and 9 will be described. 
First the angle 9 is computed as shown diagrammat- 
ically in FIG. 8, in which the positions of two particles, 
A and B. are obtained from two separate scans. The 
angle 9 between the axes of the two scans is comput- 
ed by determining the angle between the line AB and 
the Scanl x axis, and the angle between the line AB 
and the Scan2 x axis. These angles are indicated in 
the figure as p and q>, respectively. The angles can be 
computed using an inverse tangent function of the 
general form tan- 1 [(yA-yB)'(*A-XB)]* Then the angle 9 
can be found from the difference p - <o. Note that this 
determination can be made even if the line AB has dif- 
ferent apparent lengths as observed in the two scans. 

FIG. 9 shows a single particle as observed in two 
separate scans, of which the coordinate systems dif- 
fer by a displacement vector R m (defined by dx and 
dy). and a rotation angle 9. Values of dx and dy can 
be computed from the measurements of a single par- 
ticle, and using the previously calculated value of 9. 
R, and R 2 are the respective vectors defining the par- 
tide position in the two frames of reference, corre- 
sponding to the two scans. Basically, the displace- 
ment vector Rjr is computed by performing the vector 
subtraction R 1 - R 2 , but the coordinates defining both 
vectors must be expressed with respect to angularly 
aligned axes. For example the vector R 2 expressed 
with respect to the "new" scan axes is defined by 
x 2 * and y 2 \ where these coordinates are measured 
horizontally and vertically from the particle, as shown 
in the drawing. These coordinates cannot be arithmet- 
ically combined with the R 1 coordinates Xi and y 1t 
which are measured with the respect to the "old" co- 
ordinate axes. Therefore, the R 2 coordinates x 2 * and 
y 2 ' are first converted to corresponding values x 2 and 
y 2 * which are parallel with the and y t coordinates, 
respectively. The conversion may b accomplished 
as described below. 

First, the angle between R 2 and the x axis for the 
"new" coordinate system is calculated. This is the an- 
gle (9 + a) in FIG. 9, and is given by: 

(9 + a) = tan- 1 (y 2 7x 2 '). 
Then a is found from (9 + a) - 9. Then x 2 and y 2 are 



= (x 2 ') 2 + (y2') 2 - 

Finally, dx and dy are computed as: 

dx = Xt - x 2l dy « y, - y 2 . 
These dx and dy values were computed from the 

5 measurements of a single particle in both coordinate 
systems. Preferably, the same computation is also 
performed for the other particle of a selected particle 
pair, and the resulting dx and dy values are averaged 
with the corresponding values obtained from the first 

10 particle of the pair. 

From all the computed transformations obtained 
from pairs of particles, an overall average transfor- 
mation is computed, by averaging the dx, dy and 9 val- 
ues, and is designated (dx av8 , dy avg , 9 avg ), where dx avg 

15 = Xdx/n, dy avg = Sdy/n, and 9 avg = L9j/n, where n is the 
number of particle pairs analyzed. 

4) Remove Outliers: Optionally, transformation 
data values that deviate widely from the average val- 
ues may be removed from consideration. The aver- 

20 aged transformation parameters (dx avg , dy avg , 9 avg ) 
are compared with the individual transform parame- 
ters obtained form each particle pair (dx t , dyi, 9 t ). If, for 
example, (dX| > 3dx avg ) or (dy, > 3dy avfl ) or (9 ( > 39 a y g ), 
the particle pair is considered an "outlier" and is re- 

25 moved from consideration. After the outliers are r - 
moved, the average transformation is repeated, to 
obtain a revised set of averages (dx' avg) dy avg , 9' avg ), 
which is considered the "best" set of coordinate trans- 
formation parameters between the first and second 

30 scans. 

5) Transform Scanl to Scan2: The coordinates 
of Scanl are transformed to those of Scan 2, using 
the transformation parameters (dx avg , dy avg , 9 avg ), or, 
if outliers have been removed, using the revised set 

35 of averages (dx' avg , dy' avg , 9 avg ). The transformed 
Scanl is designated Scanl*. 

6) Identify Identical Particles: Scanl' is com- 
pared with Scan2 to locate matching particles, using 
the same criteria as in step 2 above. This step pro- 

40 vides a set of coordinates for all the matching partic- 
les, in terms of the coordinate system of the second 
scan (Scan2). 

7) Average Particle Positions: Corresponding 
particle positions derived from Scanl* and Scan2 are 

45 averaged, to yield an improved set of particle coordin- 
ates. This final step averages the x-axis and y-axis 
coordinates for each particle located in both scans. 
The coordinates can be averaged because the Scanl 
values have been transformed to the same coordin- 

so ate system as the Scan2 values. 

For more than two scans of the wafer, the coor- 
dinates of each particle may be obtained by averaging 
the x-axis and y-axis data from each of the scans. For 
example, a third scan (Scan3) may produce a set of 

55 data values that are first transformed to Scan3' val- 
ues, consistent with the coordinate system of Scan2, 
and then all three sets of data mav be averaged. 



9 



EP 0 641 020 A2 



10 



segment of a six-inch wafer must be determin d pre- 
cisely. For an eight-inch wafer, the edge and notch 
must be located precisely. This is particularly difficult 
because the notch is only 1 mm x 1 mm on a 200-mm 
diameter wafer. If the angular position of the notch 5 
were located in error by, say, 1°, the resulting error in 
particle positions would be 1,700 urn for particles 
near the wafer edge. Since the determination of the 
wafer edge, flat and notch are subject to the same 
"discretization 11 errors as the particles, errors in locat- 10 
ing these wafer features may propagate to much larg- 
r errors after the particle coordinates are trans- 
formed using edge data to the established coordinate 
system. 

Uncertainties also result from discretization er- 15 
rors due to non-uniform lead screw pitch, which cause 
the wafer speed to fluctuate as it passes under the 
beam. Uncertainties may also result from differences 
in wafer orientation during scanning. 

The multiple-scan method of the invention reduo 20 
es discretization errors, errors due to the determina- 
tion of the wafer edge, and possible errors resulting 
from the interaction of the laser beam with a particular 
particle shape or morphology. The underlying princi- 
ple of the invention is that each scan of the same wa- 25 
fer is unique, due to random uncertainties in the scan- 
ning process. Thus each scan produces slightly dif- 
ferent x-y coordinates for the same particles, with the 
differences being due to various factors, such as 
physical inaccuracies in the scanning mechanism, 30 
and discretization effects. Since each scan is equally 
accurate, one may average two or more scans, i.e. 
perform a double scan or multiple scan, to yield im- 
proved values for the particle positions, but the coor- 
dinate data of the multiple scans must be transformed 35 
to a common coordinate system before averaging. 

By way of example, a double scan process will be 
described in more detail, but it will be understood that 
the principles of the invention apply equally well to 
three, four or more scans. If a wafer is scanned with 40 
its flat or notch in a first position, then removed from 
the chamber, rotated, and returned to the chamber for 
a second scan, two sets of x-y coordinates for the de- 
tected particles are obtained. Experimental data 
shows that a wafer rotation of approximately 30-40 45 
degrees produces the best improvement in accuracy 
of the method, but it will be understood that no rota- 
tion of the wafer is needed in order to practice the in- 
vention in its broadest form. A necessary processing 
step is to eliminate any diff rences between the co- so 
ordinate systems associated with the two wafer 
scans. This may be accomplished by measuring the 
difference between the coordinate systems of the 
two scans and correcting the data from one of the 
scans. Basically, the data from one of the scans is 55 
corr cted by performing a coordinate transformation, 
to transform the data to the coordinate system of the 
other scan. An additional step is to discard any data 



relating to extraneous particles which eith r cannot 
be matched b tween the two scans, or which do not 
contribute to the transformation parameters. Once 
the coordinate systems of the two scans match, cor- 
responding particle coordinates are averaged to yield 
improved particle positions. Use of this technique has 
reduced the targeting error to an average of approxi- 
mately 45 - 50 |im. Moreover, the number of particles 
with large errors (more than 100 |im) has been signif- 
icantly reduced. A more detailed description of the 
steps followed in the double-scan method follows in 
the succeeding paragraphs. 

1) Generate Data: The first step in the method is 
to generate data from at least two separate scans of 
the same wafer, which, as indicated in FIGS. 5a and 
5b, is preferably, oriented differently for the two 
scans. The wafer may be physically moved between 
two scans, or sufficient differences in results may be 
obtained by performing multiple additional scans 
without moving the wafer. The two scans are referred 
to as Scanl and Scan2, respectively. As noted earlier, 
some improvement in accuracy may even be ob- 
tained if the two scans are consecutive and are made 
at the same wafer orientation. The x-y coordinate data 
for each of the multiple scans are automatically trans- 
formed, in the scanning device, to a standard coordin- 
ate system, using the flat segment (in a six-inch wa- 
fer) as a reference for the y axis. The two sets of data 
may now be compared, but may still not be identical 
because they were derived from different scans, sub- 
ject to random differences in the scanning process. 

2) Match Identical Particles: Matching particles 
located in both scans are located, as indicated in FIG. 
6. The criteria for particle matching are that x and y 
positions for a particle in one scan must be within a 
selected distance (e.g., ± 100 fim) of the positions as 
measured in the other scan, and the scattering areas 
of the detected particles must be approximately the 
same, to within a selected difference in area (e.g., 
±0.3 fim 2 ). The elimination of particles identified in 
one scan that do not have identifiable counterparts in 
the other scan, represents another advantage to the 
method of the invention. Sometimes as many as 
twenty percent of particles identified by the scanning 
device cannot be located in the SEM and may well be 
non-existent The early elimination of such "particles" 
from consideration saves a significant amount of 
SEM operation time that would otherwise be spent 
looking for non-existent particles. 

3) C mpute Average Transf rmati n: For each 
pair of matching particles, i. . two particles from one 
scan and two matching particles from the other scan, 
coordinate transformation data are computed. The 
transformation of a pair from one scan to the other is 
expressed in the form of a linear displacement of the 
x and y axes and an angular rotation of the axes. As 
shown in FIG. 7, the transformation for a first pair of 
matching particles is expressed as (dx if dyi,6i), and 
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cated at 10, produces outputs on line 12 to a personal 
computer 14. When the wafer is scanned by a scan- 
ning electron microscope (SEM) 16, the wafer edges 
and orientation-dependent features (notch or fiat 
edge segment) are located and used to provide an ap- 5 
proximate coordinate transformation between the 
scanning device 10 and the SEM 16. This approxi- 
mate transformation is improved by locating selected 
reference particles both in the laser scanning system 
and in the SEM 16, which passes reference particle w 
position information back to the personal computer 
14. The computer then computes an improved coor- 
dinate transformation based on the positions of the 
selected reference particles. Using the coordinate 
transformation based on the positions of multiple ref- 1 s 
ere nee particles in both the laser scanning device and 
the scanning electron microscope, the positions of 
other particles generated by the laser scanning de- 
vice can be transformed to the SEM system, which is 
then used for physical analysis of the particles. 20 

As shown in FIG. 2a, in the laser scanning device 
10 a laser beam 20 is swept across the surface of a 
wafer 22, and scattered light signals from particles 
and defects on the wafer surface are collected and 
used to deduce the coordinates of the defects. The 25 
sweep direction of the laser beam 10 is in the x-axis 
direction and the average speed of the beam at the 
wafer surface is on the order of 300400 m/s. Motion 
in the y-axis direction is effected by means of a lead 
screw (not shown) which translates the entire wafer 30 
in a direction perpendicular to the direction of beam 
scanning. The net result, for the SFS5000, is a beam 
spot size of 133 t*m in diameter tracing scan lines 
which are 33.3 |xm apart 

When the laser spot illuminates a defect on the 35 
wafer surface, light is scattered away from the point 
of incidence. FIG. 2b shows the optical system in 
more detail, including a laser 24 and various optical 
elements, including a prism 26, a lens 28, a spatial fil- 
ter 30, a mirror 32, another lens 34, and a scanning 40 
mirror 36, which sweeps the beam 20 across the wa- 
fer 22. An array of optical fibers 38 collects light scat- 
tered from the wafer 22. The fibers 38 are connected 
in a bundle to a low-noise photomultiplier tube (PMT) 
40, which amplifies the optical signal and generates 45 
a corresponding electrical output. The output of the 
PMT 40 is digitized by an analog-to-digital converter 
(not shown). Then the particle positions are deter- 
mined based upon th positions of the laser spot (x- 
axis position) and the lead screw (y-axis position) at so 
the tim of digitization. 

The horizontal (x-axis) position is determined by 
sampling the scattering signal, either at uniform spa- 
tial intervals as the laser beam scans the wafer sur- 
face, as in the SFS6000, or at uniform time intervals. 55 
Spatial, rather than time, intervals are preferred in the 
sampling because the laser spot moves along the wa- 



vaf sampling under this non-linear velocity profile 
would produce non-equally spaced points in the spa- 
tial array. FIG. 2c is a three-dimensional representa- 
tion of scattered light signals received from an ar a 
of the sample grid near a particle on the wafer. The 
sample grid, which is specific to the SFS5000 scan- 
ning system, has horizontal (x-axis) scans located 
33.3 \im apart, and the separation of the discrete 
samples is 28 \xm. The sample point associated with 
the largest scattering signal is assumed to be the 
physical location of the particle. 

After all particles are located in the laser scan- 
ning device, the device deduces the position of the 
edge of the wafer from previous scans. Then a coor- 
dinate system is automatically established from the 
position of the wafer edge. For six-inch wafers, which 
have a flat segment in their otherwise circular circum- 
ference, as shown in FIG. 3a, the flat of the wafer 
edge is assumed to be coincident with the y axis, and 
the x axis is tangent to the bottom of the wafer. For 
an eight-inch wafer, which has a notch in its otherwise 
circular circumference, the coordinate system is es- 
tablished such that the notch is at the "12 o'clock" 
position, as indicated in FIG. 3b; then the x and y axes 
are assumed to be tangent to the wafer edge. Once 
the wafer coordinate system Is established, all partic- 
les located by the laser scanning device are ref r- 
enced to this coordinate system. In other words the 
scanning device 10 automatically converts particle 
coordinate data to a standard frame of reference, 
either that of FIG. 3a or that of FIG. 3b. It would ap- 
pear that data f rom separate scans of the same wafer, 
even in different orientations, could be averaged 
since the data have been transformed to the standard 
coordinate system. However, as mentioned abov , 
random uncertainties in the scanning process result 
in differences in the coordinate data derived from two 
separate scans. 

Several sources of uncertainty result from the 
fundamental operation of such a laser scanning sys- 
tem. The primary source of uncertainty arises from 
the discrete sampling grid approximation to particle 
locations. Because the size of the smallest sample 
cell (in the SFS5000 scanning system) is 28 fim x 33 
urn, the maximum error due solely to the discrete na- 
ture of the sampling process is 14 urn x 1 6.5 nm. Un- 
certainties arising from the discrete nature of the 
sampling process will be referred to as "discretiza- 
tion" errors. 

An additional error arises from the construction 
of the coordinate system. Because the wafer may be 
arbitrarily oriented in the laser scanning devic , the x- 
y positions obtained by the laser scan must b trans- 
formed to the established coordinate system as 
shown in FIG. 3. For example, FIG. 4 shows a six-inch 
wafer arbitrarily oriented during the scan, in compar- 
ison with the established coordinate system. 
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FIG. 2c is a graphical view plotting a back- 
scattered signal received, from a wafer scanned 
in one type of laser scanning system; 
FIG, 3a shows the coordinate axes established 
by the scanning device for conventional six-inch 
wafers; 

FIG. 3b shows the coordinate axes established 
by the scanning device for conventional eight- 
inch wafers; 

FIG. 4 is a diagram showing a wafer in an arbitra- 
ry orientation in relation to a laser scanning direc- 
tion, and indicates that a coordinate transforma- 
tion is needed, and is performed automatically in 
the scanning device, to convert the scanned data 
to an established or standard coordinate system; 
FIG. 5a is a diagram showing the transformation 
of data from a first scan to an established coor- 
dinate system, this transformation being per- 
formed automatically in the scanning device; 
FIG. 5b is diagram similar to FIG. 5a, showing the 
transformation of data from a second scan, in 
which the wafer is oriented differently from the 
first scan, to the same established coordinate 
system; 

FIG. 6 is a diagram showing two sets of data, re- 
lating to seven matching particles scanned in 
each of two scans; 

FIG. 7 is a diagram showing the computation of 
coordinate transformation parameters for pairs of 
particles scanned in each of two scans; 
FIG. 8 is a diagram how the angle between the 
coordinate systems of two scans may be deter- 
mined; and 

FIG. 9 is a diagram showing how the offset be- 
tween the coordinate systems of two scans may 
be determined. 

As shown in the drawings for purposes of illustra- 
tion, the present invention is concerned with an im- 
proved technique for locating contaminant particles 
on a semiconductor mirror wafer. Basically, the inven- 
tion provides significantly reduced targeting error val- 
ues. That is to say, the method of the invention allows 
the prediction of particle positions more accurately, 
and therefore allows more particles to be located 
when using an imaging device, such as a scanning 
electron microscope (SEM). 

As mentioned above, semiconductor feature si- 
zes below the 1nm level and large wafer sizes have 
made it extremely difficult to locate and identify all of 
the contaminant particles on a mirror wafer. A two-sta- 
ge technique has been developed, first using a laser 
scanning device to map practically the entire wafer 
and to provid an estimate of the locations and sizes 
of particles on th wafer surfac . Then the wafer is 
moved to a scanning electron microscope (SEM) or 
similar device, and as many particles as possible are 
located and further analyzed. The coordinates of 
each particle are transformed from the coordinate 



system of the laser scanning devic to the coordinate 
system of the SEM. A first approximation for the 
transformation is obtained using SEM detection of the 
wafer edges and orientation features (notch or flat 

5 edge segment). Then the coordinate transformation 
is improved by using two reference particles that can 
be readily identified in both devices because of their 
size and contrast Because of the high magnification 
factor that must be used in the SEM, the estimated 

10 particle positions obtained from the laser scanning 
device must be very accurate, or it will be difficult or 
impossible to locate the particles using the SEM. The 
principal difficulty with this approach has been that 
the average targeting error of "run" particles, Le. par- 
ts tides other than the selected reference particles, is 
typically in the range 100-150 ^m, but a targeting er- 
ror of approximately 40 nm or less is needed to reli- 
ably locate a 0.1 \um particle using a magnification of 
2000x. If the targeting error is greater than this, the 

20 particle will be outside the field of an SEM viewing 
screen and may require a time-consuming search to 
locate with the SEM, or even be impossible to find. On 
the other hand, if the accuracy of the laser scanning 
stage can be improved, this will greatly facilitate the 

25 analysis performed in the SEM stage. 

The present invention is based on the principle 
that the multiple scans in the laser scanning stage, 
even without movement of the wafer in the scanning 
device, may produce slightly different coordinate 

30 data for the same particle. Therefore, averaging or 
otherwise combining the results of the multiple scans 
will not always yield improved results. Random phys- 
ical uncertainties, which cause these different re- 
sults, arise from inaccuracies in the position of a lead 

35 screw used to translate the wafer with respect to the 
scanning beam, or inaccuracies in the scanning 
mechanism, combined with the effect of a significant 
beam thickness. The scanning device attempts to 
compensate for differences in wafer orientation for 

40 separate scans, by transforming all data to a standard 
wafer orientation, but this transformation does not 
take into account the various random uncertainties 
that cause differences in the results of two scans, 
even in the same wafer orientation. The present in- 

45 vention performs an additional coordinate transfor- 
mation for one of the two scans, to render the data of 
the two scans consistent, so that they may be aver- 
aged to obtain more accurate results. 

So that the invention can b better understood, 

so the principles of operation of the laser scanning sys- 
tem will be d scribed in some detail. In the first proc- 
essing stage, a wafer is introduced into a laser scan- 
ning device, such as a Tencor SurfScan (SFS) model 
SFS40O0, SFS5000, or SFS6000, manufactur d by 

55 Tencor Instruments, which scans the surface of th 
wafer in a raster fashion and produces signals from 
which a display of the particles on the wafer is gen r- 
ated. As shown in FIG. 1, the scanning device, indi- 
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subsequently been invented, yielding further im- 
provement in targeting accuracy, and is described be- 
low. 

The present invention resides in a method for re- 
ducing targeting errors encountered when trying to lo- 5 
cate contaminant particles on a semiconductor wafer, 
using a high-magnification imaging device, and 
based on estimates of the particle positions obtained 
from a scanning device. The invention provides a sub- 
stantial reduction in the targeting errors associated 10 
with particle coordinates derived from the scanning 
device. In the two-stage analysis technique, the scan- * 
ning device generates estimated positions of all par- 
ticles on the wafer, and the imaging device uses this 
positional data to locate the particles for further ana- 15 
lysis. Success of the technique is very much depend- 
ent on the accuracy of the estimated particle posi- 
tions generated in the scanning device. The present 
invention is a new approach for reducing targeting er- 
rors in the estimated positions. 20 

Briefly, and in general terms, the method of the 
invention comprises the steps of (a) scanning a sem- 
iconductor wafer in a scanning device to produce a 
first set of data coordinate values pertaining to the 
positions and sizes of contaminant particles on the 25 
wafer; (b) scanning the wafer a second time, to pro- 
duce a second set of data coordinate values pertain- 
ing to the particles on the wafer; (c) transforming at 
least one of the first and second sets of coordinate 
data values, to produce two consistent sets of coor- 30 
dinate data values based on a common coordinate 
system, whereby the first and second sets of coordin- 
ate data values will not, in general, be identical be- 
cause of uncertainties associated with the scanning 
steps; and (d) averaging the two consistent sets of co- 35 
ordinate data values pertaining to corresponding par- 
ticles, to obtain a more accurate estimate of the pos- 
itions of the particles on the wafer. Preferably, the wa- 
fer is physically moved to a different orientation be- 
tween the two scanning steps, but a significant im- 40 
provement may also be obtained without such a 
movement 

The method may also include scanning the wafer 
at least one additional time, to produce a third set of 
data coordinate values, transforming the third set of 45 
data coordinate values to the common coordinate 
system, and averaging the third set of transformed 
data coordinate values with the first two sets. The re- 
sulting averages provide additional accuracy in the 
estimated positions of particles on the wafer. so 

More specifically the step of transforming (c) in- 
cludes identifying matching particles from the first 
and second scans; computing a coordinat transfor- 
mation data group for a plurality of pairs of matching 
particles identified from each scan; computing aver- 55 
age coordinate transformation parameters from the 
data groups computed in the prior step; and trans- 



scans to the coordinate system of the other scan, us- 
ing the improved averag coordinate transformation 
parameters. Thus the coordinate data from one scan 
are transformed to the coordinate system of the other 
scan, and the two sets of data can then be compared 
or otherwise manipulated. In the preferred embodi- 
ment of the invention, corresponding coordinate para- 
meters from the two sets of data are averaged to ar- 
rive at an improved set of estimated particle posi- 
tions. 

Optionally, the method may also include the 
steps of identifying and removing data groups that 
depart from the average coordinate transformation 
parameters by more than a preselected threshold; 
and computing improved average coordinate trans- 
formation parameters with the identified data groups 
removed. The step of transforming the coordinate 
data then uses the improved average coordinat 
transformation parameters. 

The invention may also be considered to include 
additional steps relating to how the scan data para- 
meters are used in conjunction with the imaging de- 
vice. Therefore, the invention may include the addi- 
tional steps of selecting at least two reference partic- 
les that are relatively recognizable because of their 
size and contrast; obtaining estimated coordinates of 
the reference particles from the scanning device; 
moving the semiconductor wafer to a high- 
magnification imaging device and performing an ap- 
proximate coordinate transformation for the r fer- 
ence particles; finding the reference particles in the 
imaging device and obtaining their corresponding ac- 
tual coordinates in the imaging device; calculating the 
parameters for a more accurate coordinate transfor- 
mation between the coordinate systems of the scan- 
ning device and the imaging device, based on multi- 
ple unique pairs of the reference particles and their 
estimated coordinates and actual coordinates; and 
transforming the coordinates of other particles on the 
wafer from values obtained from the scanning device 
to estimated values in the coordinate system of the 
imaging device, to facilitate location and further ana- 
lysis of the particles in the imaging device. 

It will be appreciated from the foregoing that the 
present invention represents a significant advance 
over prior techniques for locating and analyzing con- 
taminant particles on the surface of a semiconductor 
mirror wafer. Other aspects and advantages of the in- 
vention will become apparent from the following more 
detailed description, tak n in conjunction with the ac- 
companying drawings. 

FIG. 1 is a block diagram showing a two-stage 
system of particle analysis; 
FIG. 2a is a diagram showing the directions of las- 
er beam scanning and wafer transport; 
FIG. 2b is a perspective view of the principal com- 
ponents of a laser scanning system to locate par- 



